The limited gas-liquid mass transfer represents the main challenge in the operation of cost-19 effective bioreactors devoted to the treatment of poorly soluble gas pollutants such as 20 methane (CH 4 ). This study evaluates the influence of internal gas-recycling strategies on 21 the enhancement of CH 4 abatement in a bubble column bioreactor inoculated with the 22 methanotroph Methylocystis hirsuta. Maximum CH 4 removal efficiencies of 72.9 ± 0. 
Introduction 37
Methane (CH 4 ) emissions account for 20-30 % of the global warming effect worldwide 38 based on the 25-times higher ability of this greenhouse gas (GHG) to absorb Earth's 39 radiation compared to CO 2 [1, 2] . This GHG is mainly released to the atmosphere from 40 cattle farming, waste management and mining at low concentrations (< 20 % v/v), which 41 limits its potential energy valorization. In this context, the absence of specific regulations 42 targeting CH 4 emissions, along with the lack of viable technical alternatives to produce 43 energy from dilute CH 4 emissions, promote the uncontrolled release of CH 4 to the 44 atmosphere without prior treatment. Therefore, the development of cost-efficient and 45 environmentally-friendly technologies for the abatement of CH 4 is mandatory to achieve an 46 effective climate change mitigation [3] . 47 48 Biotechnologies, such as biofiltration, have consistently shown comparable removal 49 efficiencies and robustness to those of physical-chemical technologies during the treatment 50 of malodours and volatile organic pollutants [4] . Nonetheless, biofilters still present severe 51 operational drawbacks limiting their long-term treatment performance and consequently 52 their widespread implementation for air pollution control. These limitations include the 53 poor mass transfer of poorly water-soluble compounds from the gas phase to the biofilm, 54 and the occurrence of packed bed clogging and channeling as a result of biomass 55 overgrowth [5, 6] . In this context, suspended growth bubble column bioreactors (BCBs) 56 allow for an easy biomass control and harvesting, while they overcome mass transfer 57 limitations due to the recent commercial availability of ultrafine bubble diffusers with 58 micropores < 0.5 µm. In addition, the performance of BCBs can be further boosted via 59 internal gas-recycling, which allows the decoupling of the actual gas residence time and 60 abatement of dilute CH 4 emissions and co-production of PHB in gas-phase bioreactors 85 under continuous operation [20] . 86
87
This study aimed at optimizing the continuous abatement of diluted CH 4 emissions (4 % 88 v/v) coupled to PHB accumulation at high productivities in a novel internal gas-recycling 89 BCB using Methylocystis hirsuta as a model type II methanotroph. The influence of the 90 EBRT and internal gas-recycling rates on the CH 4 removal were first investigated in a lab-91 scale BCB. In addition, the role of different nutrient-limiting conditions (N, K, Mn, and N 92 with excess of Fe) on PHB accumulation in M. hirsuta was also assessed. Finally, the 93 potential of the internal gas-recycling BCB for simultaneous CH 4 abatement and PHB co-94 production was evaluated under the optimum EBRT, internal gas-recycling rate and 95 nutrient-limiting conditions previously identified. 96 97
Material and methods 98

Mineral salt medium, chemicals and inoculum 99
The mineral salt medium (MSM) used for M. hirsuta cultivation was modified from 100
Mokhtari-Hosseni et al. [21] . The MSM was composed of (g L A lab-scale PVC bubble column bioreactor (0.08 m internal diameter × 0.6 m height) with a 121 working volume of 2.5 L was used in the present study (Fig. 1) . The polluted air emission, 122 which contained CH 4 at 4 % (v/v) , was sparged at the bottom of the bioreactor using three 123 0.5 µm-pore stainless steel diffusers. This synthetic emission was composed of a pure CH 4 124 stream supplied via a mass flow controller (Aalborg TM , USA) and pressurized air. A 1-L 125 jacketed condenser cooled with water at 20 ºC was implemented within the internal gas-126 recycling line. The temperature in the reactor was maintained at 25 °C. The reactor was 127 inoculated at 194 ± 4 mg L -1 and initially operated for 13 days (to reach steady-state) at 60 128 min of EBRT without internal gas-recycling during the start-up phase. The influence of the 129 EBRT (120, 60, 30 and 15 min) and internal gas-recycling ratio (Q R /Q = 0, 2, 3, 6, 10 and15, where Q R is the recycling gas flow rate and Q the gas flow rate fed to the overall 131 system) was investigated in order to optimize the CH 4 abatement performance (Table 1) . To 132 ensure an optimum balance of nutrients and a stable pH (7.3 ± 0.2) within the bioreactor, 133 500 mL of cultivation broth were drawn every 48 h, centrifuged (10000 rpm, 7 min) and the 134 biomass pellet (resuspended in fresh 500 mL MSM) was returned to the BCB. 135
136
The inlet and outlet CH 4 , O 2 and CO 2 gas concentrations were daily monitored by GC-TCD. 137 OD 600 , pH, TSS and total nitrogen (TN) concentrations in the cultivation broth were 138 determined every 48 h. The elimination capacity (EC), removal efficiency (RE), CO 2 139 production rate (PCO 2 ), PHB content, PHB productivity and the maximum rate of CH 4 140 consumption (fitting the data to the Gompertz model) were calculated according to Zuñiga 141 et al. [2] . 142 was significantly enhanced by the internal gas-recycling, the EBRTs here investigated were 216 higher than those previously evaluated in biotrickling filters and would entail prohibitively 217 large reactor volumes [24] . Therefore, process operation at an EBRT of 30 min was 218 evaluated for Q R /Q ratios of 10 and 15, and at an EBRT of 15 min for a Q R /Q = 15. In this 219
context, a decrease in the EBRT always promoted an increase in the EC and PCO 2 , at the 220 expense of lower CH 4 REs (Fig. 3) . Thus, maximum ECs of 35.2 ± 0.4 g m -3 h -1 and REs of 221 72.9 ± 0.5 % were achieved at an EBRT of 30 min, while process operation at an EBRT of 222 15 min resulted in ECs of 54.4 ± 0.9 g m -3 h -1 and REs of 56.6 ± 1.5 %. Moreover, the 223 decrease in the EBRT at a Q R /Q of 15 did not entail a decrease in the mineralization ratio 224 (PCO 2 /EC), which remained constant at 2.0 ± 0.1, 1.9 ± 0.2, 1.7 ± 0.4 and 2.0 ± 0.1 for 225
EBRTs of 15, 30, 60 and 120 min, respectively (Table 1) . 226
Unfortunately, the high shear stress caused by the high turbulence in the cultivation 227 medium prevailing during process operation at an EBRT of 15 min and a Q R /Q ratio of 15 228 finally caused a deterioration in microbial activity, and therefore, a decrease in the EC to The system rapidly achieved steady ECs of ~ 27.9 ± 2.1 g m -3 h -1 (corresponding to REs of 285 57.8 ± 4.5 %) from day 10 onwards, while biomass concentration steadily increased up to 286 steady state values of 4.5 ± 0.6 g L -1 from day 20 onwards. These operational conditions 287 supported a PCO 2 and biomass productivity of 79.9 ± 8.4 g CO 2 m -3 h -1 and 26.4 ± 18.5 gX 288 m -3 h -1 (Fig. 5) . These ECs and REs were slightly lower than those achieved in the mass 289 transfer optimization tests under similar operational conditions, which was attributed to the 290 gradual fouling of the fine bubble diffusers used in our study. The implementation of 291 repeated N feast-famine cycles resulted in a gradual increase in the PHB content from 0.4 ± 292 0.0 % to 25.7 ± 0.1 % during the first N limitation (which lasted 3 days instead of 2 days) 293 and up to 37.2 ± 2.0 % from the fifth cycle onwards, reaching a maximum accumulation of 294 40% in the fifth and eighth cycles. N addition during the N feast-famine cycles significantly 295 improved the EC, which decreased in the absence of this macronutrient (Fig. 5) . Similarly, 296 PCO 2 concomitantly decreased with EC during the N starvation cycles, which can be 297 attributed both to the reduced CH 4 uptake and the CO 2 requirements for PHB production 298 within the serine pathway in type II methanotrophs [28] . Interestingly, a slight decrease in 299 the PHB content ranging from 1.1 % to 6.8 % was consistently observed during growth 300
cycles. This decrease in the PHB content can be explained by the fact that PHB is 301 
Conclusions 316
The implementation of internal gas-recycling strategies in a BCB resulted in a superior CH 4 317 abatement performance under continuous operation as a result of decoupling the EBRT and 318 the gas-liquid turbulence governing CH 4 mass transport. The increase in the gas-recycling 319 rate during the treatment of diluted CH 4 emissions entailed a concomitant increase in both 320 EC and PCO 2 (regardless of the EBRT tested), while the decrease in EBRT from 120 min 321 to 30 min increased the EC without a significant deterioration in the RE. 
